Simultaneous bombardment of tungsten layers with helium and carbon ions leads to both erosion of tungsten and implantation of carbon. The underlying processes have been investigated numerically and experimentally as a function of the carbon fraction in the incident ion flux for ion energies in the keV range. Tungsten layers were deposited on polished single crystal silicon substrate by magnetron sputter deposition to eliminate the influence of surface roughness on the experimental results. The fluence dependent dynamics of the surface composition was measured in-situ by ion beam analysis. The given projectile-target system is subject only to kinematic processes and is therefore particularly suitable for benchmarking of purely kinematic simulations based on the binary-collision approximation, like implemented in the TRIDYN code. TRIDYN calculations match the experimental results very well, which demonstrates the validity of the kinematic description. In particular the simulations allow to predict the change of surface composition by bombardment with gaseous and non-volatile ions, as well as the transition point from W erosion to C deposition as function of the carbon fraction in the incident ion flux.
Introduction
In the design of the International Tokamak Experimental Reactor (ITER), tungsten (W) will be used for plasma-facing components (PFCs) in the divertor baffle region, which are exposed to high particle and heat fluxes [1, 2, 3] . Complete coverage of the first wall with tungsten is envisaged in future reactor devices because of the unsurpassed life-time of tungsten based PFCs. Experience with W PFCs in the ASDEX Upgrade tokamak has shown that W is sputtered mainly by multiply charged low-Z impurities, which can be accelerated in the sheath potential to energies of up to several keV [4] . In ITER low-Z impurities will be migrating to W surfaces due to erosion of the beryllium (Be) main wall and of the carbon (C) based divertor target plates. Complicated sputtering and deposition effects are expected for both elements.
Carbon is of particular relevance for the W PFCs at the divertor baffle area as it is eroded in significant amounts at the adjacent divertor target plates and after being ionized in the plasma can migrate to the W surfaces. C bombardment of W can lead not only to W sputtering but also to the formation of C layers, which significantly affect both sputtering and the formation of fuel inventories [5, 6, 7] .
Simultaneous bombardment of the W surface with gaseous and C ions strongly influences the competition between erosion of the surface and deposition of C layers. The surface composition is determined by the balance between implantation and sputtering of C and at the same time influences sputtering rates of the elements contributing to the mixed material. The complicated interdependency between surface composition and ion-surface interactions, as well as its impact on the transition point between continuous W erosion and continuous C layer growth requires experimental validation of numerical simulations based on the binary collision approximation. However, there is a certain problem in the study of simultaneous bombardment of W surfaces with deuterium (D) and C ions, since this projectile combination is further complicated by formation of hydrocarbons and their chemical sputtering [8, 9] . This process generally leads to an increase of the sputtering yield of W atoms from mixed surfaces, but is not taken into account by kinematic codes like TRIDYN [10] . Since there are no quantitative experimental data on the contribution of the hydrocarbon formation to W sputtering, the comparison between simulation and experiment can not be interpreted unambiguously.
Therefore, the modeling should be validated by a projectile-target system, which is subject only to kinematic processes.
In this case the kinematic processes determine directly the transition point from steadystate surface erosion to continuous growth of a C layer. Although the balance between sputtering and implantation has been intensively studied in the past few years, there is still no complete understanding of the underlying processes and there is as yet no clear definition for the transition point available. We define the transition point by a set of parameters (flux, ion species energy, incidence angles, species ratio, etc.) of the steady-state interaction between the incident flux including the gaseous and non-volatile ions and the mixed surface. An infinitely small shift of any of these parameters will result in a transition from steady-state erosion to continuous growth of a C layer (and vice versa). The prediction of the transition point is of particular interest for fusion devices because it separates areas of continuous erosion from areas which will become covered by re-deposited material.
As an example of a projectile-target system subject only to kinematic processes, this work describes experiments and simulations of the simultaneous bombardment of W surfaces with helium (He) and C ions and the dependence of erosion and implantation processes on the C fraction in the total incident flux, particularly with respect to the transition from W erosion to C layer growth. He is the lightest gaseous noble element and therefore its kinematic interaction with C and W is expected to be similar to D excluding chemical effects. As surface roughness may critically affect the ion-surface interaction for low energies and light projectiles, W layers were deposited on Si mono-crystal polished wafers instead of using bulk tungsten samples. It has been shown in previous experiments that W layers on Si wafer substrate provide a sufficiently Page 4 smooth surface to exclude roughness effects on the erosion and implantation processes [7] .
Experimental
The experiments were performed with mass-separated 12 keV and 3 keV ions with energies chosen to obtain maximum beam flux densities. It is assumed that each C projectile atom has a fractional incidence energy of 6 keV. The angle of incidence for both species is 15°. Ion beam analysis (IBA) with 2.5 MeV Key point of the experimental technique is the additional ability to detect the amount of implanted C, which can be also used for the validation of the model. The amount of implanted C was measured using the nuclear reaction 12 C( Further details on structure and properties of the samples can be found in [13] . X-ray photoelectron spectroscopy was used to quantify the low-Z impurity content of the layers to fractions of carbon, oxygen and nitrogen <1%. The thickness of the W layer was chosen to be large enough to prevent any interaction of the projectiles and recoils with the layers below. The mean projectile ranges of 6 keV C and 3 keV He are R C ≈ 10 nm and R He ≈ 14 nm respectively, depending on surface composition. Average roughness of W layer is R a ≈14 nm and it is comparable to projectile ranges of the ions. Since R a ≈ R C , R He , the sample surface can be assumed smooth and the effect of surface roughness can be neglected [7] .
Results and discussion
Each experiment was performed at a fixed C fraction in the total incident flux f C , therefore, different values of f C correspond to different experiments with each bombardment starting with a pure surface. According to previous measurements the relative concentration of He in tungsten is expected to be ≈10% [14] , which is small in comparison to the concentrations of W and C atoms. Therefore, the evolution of the surface composition was simulated neglecting He retention.
Evolution of surface composition
Depending on the C fraction in the incident flux, the dynamical change of the surface composition can be divided in the two scenarios described in section 1, characterized as steadystate sputtering of the surface and continuous C layer growth respectively. The evolution of the surface composition typical for the first scenario is presented in Figure 1 , (a) and (b). (Figure 2(a) ).
This drop of the sputter yield results in a change of the initial decrease of W areal density ( Figure   2 (b)) below the detection threshold. The predicted deviation of the initial sputter yield from the steady-state value is also comparable to the scatter of experimental points and can therefore not be detected.
If f C reaches a certain threshold, the initial growth of implanted C is no longer balanced by Page 7
re-erosion and continuously increases until the surface is ultimately covered by a C layer (with a fraction of implanted He). Figure 3 shows the computed dynamics of the C areal density for f C =24% and f C =25%. One can see, that the C areal density is still turning stationary at a fluence of >5×10 18 cm -2 for f C =24%. In contrast, a continuous increase of the C areal density is predicted for f C =25%, which is synonym to continuous growth of a C layer. Therefore, the transition point for the given system and given projectile parameters is in the interval 24% < f C < 25%. The evolution of surface composition has been experimentally studied with f C =21% and f C =24%.
In contrast to the predicted continuous erosion scenario, Figure 4 shows already an evolution of the surface composition typical for the second scenario of continuous C layer growth. However, one observes also a much larger deviation of the measured dynamics from the computed one ( Figure 4 , (a) and (b)). These deviations can be explained in case of f C =21% by strong drops of f C in the experiment, while the experiment with f C =24% was performed without instability of the beam currents. The results clearly show that the experimental accuracy does not allow an exact determination of the transition point due to the diverging fluence to reach equilibrium. In addition, in the case of continuous C layer growth the effects of implanted He can no longer be neglected. In contrast, because of the absence of gaseous ions, the growth of a pure C layer by bombardment of a W surface with C ions can be excellently predicted by TRIDYN [7] .
Parametric representation of the evolution
The parametric representation of the erosion-implantation equilibrium with the use of implantation-sputtering curves introduced in [7] shows the evolution of the surface composition in the parameter space spanned by "continuous W sputtering" and "continuous C implantation". In case of f C =3%, one can observe the influence of the initial impurity contamination of the surface on the dynamical part of the surface composition evolution as already discussed in subsection 3.1. The initial amount of carbon correspondingly decreases the fluence required for reaching steady-state sputtering.
The good agreement between experimentally obtained and simulated implantationsputtering curves shows that the local C/He ratio at the ion beam analysis area can be derived from integral current measurements with sufficient accuracy. Previous experiments with single beam bombardment [7, 13] have also shown that experimental errors in the determination of local fluence values are sufficiently small that significant deviations of experimental data from simulation curves are not expected.
At higher values of f C , the evolution of the surface composition turns to a continuous build up of a C layer that appears as a monotonic increase of the C areal density ( Figure 5(b) ). Figure   5 (b) shows that f C =21% is very close to or already on the "continuous C deposition" side of the transition point. From comparison to the corresponding simulations one can infer that the transition point can be predicted with an accuracy of <10%.
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Ion-surface interactions at steady-state
As it has been shown above, the evolution of surface composition during bombardment with He and C ions is of non-linear process. However, after reaching steady-state in the continuous W erosion scenario, ion-surface interactions can be described by two values independent on fluence:
• Areal density of implanted C retained within the projectile ion range.
• These values can be obtained by both experiment and simulation. Experimentally, the areal density of C implanted at steady-state was derived from the average over the last several values.
Experimentally, steady-state sputtering was observed up to f C =18%. Each point in Figure 6 has been obtained as a result of a separate bombardment of a virgin W layer starting at zero fluence and reaching steady-state. W erosion and C implantation for a given f C value were obtained simultaneously in the same experiment. Both, experimental results and simulation show that the amount of C retained at steady-state increases with f C , until it gets close to the transition point. The simulation results show the increase in the slope of the curve, which will diverge at the transition point ( Figure 6(a) ). The disagreement between experiment and theory slowly 
